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I. Introduction

With the commercial development of nuclear reactors, the actinides
have become important industrial elements. A major concern of the
nuclear industry is the biological hazard assocociated with nuclear fuels

and their wastes (1,2). As seen in Table 1, the acute chemical toxicity

of tetravalent actinides, as exemplified by Th(IV), is similar to
. 239 . -
Cr(I11) or AL(I1I). However, the acute toxicity of Pu(IV) is similar
to strychnine, which is much more toxic than any of the non-radioactive
metals such as mercury. Although the more radioactive isotopes of the
transuranium elements are more acutely toxic by weight than plutonium,

239Pu, ZélAm3 and 244Cm are nearly identical in

the acute toxicities of
radiation dose, ~100 PCi/kg in rodents (6). Thus, the extreme acute

2
toxicity of 39Pu is attributed to its high specific activity of alpha

emission (6-8).

Unlike organic poisons, bioclogical systems are unable to detoxify
metal ions by metabolic degradation. Instead, unwanted metal ions are
excreted or immobilized (9). Unfortunately, only a small portion of
absorbed tetra- or trivalent actinide is eliminated from a mammalian
body during its lifetime. The remaining actinide 1is distributed
throughout the body but is especially found fixed in the liver and in
the skeleton (6,8,10~13). While the ability of some metals to do damage
is greatly reduced by dimmobilization, iocal high concentrations of

radicactivity are produced by immobilized actinides =~ thereby increasing

the ibcélly absorbed radiation dose and fﬁércarcinogenic ﬁéfeﬁtialaWM”

Thus the long=-term, chronic toxicity is much greater than the immediate,

acute toxicity.
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Primarily through the induction of bone cancer or tumors of blood

forming tissue, very low doses of 239

Pu significantly shorten the life
span of laboratory animals (5,638914“17)af£Whila mice suffered no ill
effects from plutonium doses less than 1/1000 of the acutely toxic dose
(~1 pg/kg) (17), a dose of 0.26 pg/kg given to dogs increased the
incidence of bone cancer from 1/10,000 to 1/3 and decreased their
lifespan 14% (17). Lung cancer formed in all dogs that inhaled ~1 pg/kg
of plutonium oxide, but their lifespan was not significantly shortened
(18). Removal of very small amounts of actinides £from the body is

therefore an essential component of treatment for actinide contamina-

tion, particularly Pu(IV).

I1. Biochemistry of Plutonium

achaa

While not the most toxic, plutonium is the most likely transuranium
element to be encountered. In addition to the several kilograms of
naturally occuring plutonium, about 5,000 kg of plutonium has been
released during nuclear weapons testing, accidental destruction of
nuclear devices, and nuclear fuels reprocessing (19-21). Fortunately,
the viable routes of plutonium contamination are limited to direct phy-
sical transport, since the inability of plutonium to cross physiological
membranes prevents its concentration in the food chain (20-22). The
concentration of plutonium in plants is 10“4 £o 10“6 of the surrounding
soil (23). Further, only 0.03% of ingested Pu(IV) citrate is absorbed

by the gastrointestinal tract of mammals, while much smaller amounts of

less .stable chelates, simple salts, or insocluble compounds of plutonium

are absorbed (10,11,13,24). Similarly, insignificant amounts of plu-

tonium. are absorbed through intact skin during long exposures to highly



acidic plutonium solutions (25). Thus human contamination by eunviron-
mental plutonium would seem to be limited to the direct ingestion or
inhalation of plutonium resuspended from soil. However, there continues
to be <concern that naturally-occuring chelating agents might complex
plutonium suffi@ientl§ strongly to change this views, Occupati@ﬁally9
plutonium has gained admittance to humans principally through inhalation

and wounds (26).

The biological behavior of plutonium is dependent on the chemical
forme. Insoluble compounds of plutonium, such as oxides, fluorides, and
hydroxides, largely remain in the lung or at the site of an intramuscu=-
lar wound. Particles of these insoluble compounds may be slowly tran=
sported to the lymph nodes, and a small portion may react with biologi-
cal ligands to form soluble complexes that are.transported by the circu-
latory system (10,27-29). Extremely swmall particles of PuOZ when
inhaled as aerosols are rapidly absorbed from the lung and enter the
circulation as low molecular-weight complexes (30). Plutonium chelates
are quickly and completely absorbed from the site of entry, but metabol-
ically inert complexes, such as Pu~DTPA, are rapidly and nearly quanti-
tatively excreted. Complexes of metabolizable ligands, such as citrate
and ascorbate, are not excreted, but give up their plutonium to plasma
proteins. Other compounds of plutonium such as hydrolyzable chelates

and simple salts are partially absorbed into the c¢irculation. Much

larger amounts of Pu(III) and Pu(VI), which hydrolyze less readily than

Pu(1V), are absorbed. The remainder hydrolyzes to form an insoluble

deposit, which behaves as described above (10,11,27,31).
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Particularly in the case of plutonium hydroxide, the amount of plu-
tonium solublized from an internal deposit by biological ligands depends
upon the oxidation state of the deposited plutonium. The charge to
ionic-radius ratio and the tendency towards hydrolysis decreases in the
order (32,33);

Pu4+ > Pu022+ > Pu3+ > Pu02+.

In the absence of chelating agents, hydrolysis of Pu(lIV), a strong lewis
acid, occurs rapidly at low pH. Ultimately, insoluble colloids and
polymers of Pu(OH)4 are formed. A 4 x lOﬁB M solution of Pu(lV) at pH =
1 was 407 polymerized in 30 minutes (34), but pseudccolloids of Pu(OH)4
did not form in a 6.8 x 10@8 M solution of Pu(IV) wuntil the pH was
raised to 2.8 and polymerization was not complete below pH = 7.5 (35).
The redissolution of Pu(IV) hydroxides proceeds slowly, even 1in the
presence of chelating agents (36,37). Because of their decreased aci-
dity, Pu(III) and Pu(VI) hydrolyze less readily than Pu(IV). Hydrolysis
of a 10&9 M solution of Am(III) or Cm(III) begins at pH = 4.5, and col-
loidal species form near pH = 7 (38). The solubility product of Pu(OH)3
(2 x 107%% is much greater than that of Pu(OH) (7 x 107°%) (39).
Thus, the amount aﬁd the rate of dissolution of an dinsoluble plutonium

deposit increases in the order; Pu(III) > Pu(VI) > Pu{lV).

While the hydrolytic behavior of the oxidation state determines the
amount and the rate of plutonium absorbed from the lungs or from a

wound, the tissue distribution of the absorbed Pu was dindistinguishable

“when Pu(III), Pu(IV), or Pu(VI) was administered to rats (40). Thus,

once plutonium enters the circulation its behavior is independent of its

original oxidation state. Biologically plutonium behaves like thorium



~lysis strongly favor Pu(iV) as the dominant specie.

S

(41,42), which is stable in sclution only as a tetravalent ion. While
the Dbiological behavior of Am(III) and Cm(I1I) is similar to plutonium,
there are significant differences in the binding to endogenous ligands,
biolegical transport, distribution, and{ﬂ rate of elimination
(6,10,11,43). 1In contrast to tri- and tetravalent actinides, the oxoca-
tions, as exemplified by the uranyl ion, are rapidly absorbed from lungs
and wounds, and the majority of the absorbed uranium is rapidly excreted

as an uranyl-bicarbonate complex (44-46).

In aqueous soluticns each of the oxidation states of plutonium from

ITI to VI coexist in equilibrium, and depending on the conditions and
relative concentrations of the oxidation states disportionation may
OCCUT » The redox behavior of 239Pu is further complicated by its high
specific activity of alpha radiation. The radiolytic decomposition of
water produces oxidants (HO and HOZ radicals, HZOZ) and reductants

(H,0

299> H radicals), which may oxidize or reduce plutonium, depending on

the relative proportions of the different valency states initially
present (47). However, Pu{(I11l) is oxidized to Pu(IV) by water at neu-
tral pH and Pu(III) hydroxide i1s rapidly oxidized by air to Pu(lV)
hydroxide; while Pu(VI) is reduced to Pu(IV) by Fe(II) (33). Further,

the complexing ability of plutonium decreases in the order (48-50);

+
> Pul,

Pu4+ > Pu3+ & PuOZZ+ 9

Although there is no direct measurement of the oxidation state of plu-

tonium in biological fluids, redox potentials, complexation and hydro-

Plutonium which is absorbed into the circulatory system of mammals,

either "by injection of a metabolizable complex or by solubilization of



plutonium deposited in a wound or in a lung, 1is quickly and strongly
bound to transferrin, the iron transport protein found in the plasma of
manmals. Small amounts of plutonium are associated with other macroglo-
bulins or complexed with low molecular-weight ksubstances such as
citrate, sugars and peptides (32,43,51-54). While the exact nature of
the binding of Pu(lV) tc transferrin is unknown, it appears to be bound
by the same sites that bind iron. As with iron, bicarbonate is required
in the formation of the Pu-=transferrin complex (55). Plutonium is dis-
placed by Fe(III) and does not bind to diron saturated transferrin
(51,55). Titrimetric experiments show that transferrin specifically
binds Th{(IV) at‘the same sites as Fe(IIIl) (56). Further, the half-life
for the removal of plutonium from circulation nearly equals that of
iron, such that after 1 hour 70% of the injected plutonium is still in
circulation. In contrast, 867 of the injected Am(III) or Cm(III) is
removed from the blood within one minute. Thus, the trivalent actinides
are not complexed by transferrin, but are weakly associated among vari-
ous plasma proteins (53,54). The complexation of plutonium by transfer-
rin effectively prevents its excretion, but small amounts are excreted

as the citrate complex in the urine (51).

Colloids and particles of insoluble plutonium compounds which enter
the circulatory system are not complexed by transferrin, but accumulate
primarily in the liver. Small amounts are also found in the spleen and
bone marrow. Thése organs have a high concentration of reticuloen-

dothelial cells, which act as filters to consume rapidly any colloidal

particles (54,57-59). While the extent of hydrolysis depends on the
oxidation state, a portion of an dintvavenously injected, hydrolyzable

salt of plutonium, such as the nitrate or the chloride, forms insoluble



colloids of hydrolyzed plutonium that are removed mainly by the liver.

The remainder 1s complexed and transported by transferrin (10,54).

Circulating as the Pu~transferrin complex, plutonium is initially
distributed throughout the body, but is eventually deposited as single
atoms primarily on bone surfaces close to the marrow and the circulatory
system (10). Initially the plutonium appears to bind to the glycopro-
teins present in the organic matrix of bone. These proteins contain
many free carboxyl groups and bind plutonium stronger than a 30-fold
excess of bone mineral or any other proﬁein investigated, dincluding
transferrin (32,51,60). The carboxyl groups of the proteins appear to
be important in binding Pu(IV), but not Am(III) or Cm(III), which are
less strongly bound. The trivalent actinides are uniformly distributed
on all bone surfaces and tend to deposit on bone mineral to a greater

extent than plutonium (10,43).

Once deposited on bone, plutonium is not released until the bone is
physically destroyed. It may become buried under a new layer of mineral
or may be taken up by special cells that digest foreign materials. As
these cells die, the plutonium accumulates in immobilized deposits of
hemosiderin, an insoluble iron storage protein that contains a large
core of polymeric iron hydroxides and phosphates. These deposits are

located close to the bone surfaces in the reticuloendothelial «c¢ells of

the boneé marrow (10).

In addition to deposition on bones, smaller, but significant

amounts of «circulating plutonium is deposited in the liver (10). Ini-
tially the plutonium 1s distributed throughout the liver, where it 1is

bound ﬁrincipally in the «cytosol of cells to an unidentified protein
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that has the chromatographic characteristics of a Y~globulin (61).
Within several days, the plutonium becomes associated with subcellular
structures, where 1t is primarily bound to ferritin, a soluble iron-
storage protein. Small amounts of plutonium are associated with other
proteins located on the subcellular structures such as glucose-6-phos-
phatase, cytochrome-c-oxidase, aryl-sulphatase, acid-phosphatase and
unknown glycoproteins (51,62). 1In an attempt to minimize their toxic
effects, other toxic metals are similarly immobilized on subcellular

structures (47).

As the liver cells die, the plutonium accumulates in the hemoside~
rin of the reticulioendothelial cells (10). As in the bone marrow and
the liver, plutonium in the spleen and the adrenal glands is also local-
ized with Themosiderin (43,63). Incorporation of plutonium into hemo-
siderin or the mineral matrix of bone is not permanent, but the mechan-
iems of vtvelease are not known. However, it is more pfobable that
released plutonium will be complexed by transferrin and redeposited
instead of excreted (10). 1In fact, the human iron transport system is
so efficient in preventing plutonium excretion that only 20-30% of the
plutonium injected into humans was excreted during 27.4 years (12). 1In
view of the role of iron transport and storage proteins in the mammalian
metabolism of plutonium, 1t is not surprising that the highest uptake of

plutonium occurs in plants grown in iron deficient conditions (53).

I11. Therapeutic Removal of Plutonium

1. Colloidal Scavenzing Agents

One of the earliest attempts to remove plutonium from mammals was

based on the premise that an innocuous metal ion with metabolic
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properties similar to plutonium would displace plutonium from body tis-
sues = as occurs on an jion exchange resin. Because of its low toxicity
in rodents and its rapid elimination from the body, =zirconium was the
most promising of the metals tested (64). The details of the bioclogical
testing have been summarized in previous reviews (13,65,66). Typically,
50-60%  of the dnjected plutonium was rapidly excreted in the urine of
rats which received an injection of 40-50 mg of zirconium in the form of
zirconyl citrate within one hour of the plutonium administration, while
only 1-27 of the injected plutonium was excreted by untreated rats (66=
69). Prompt treatment with zirconyl citrate was reported to remove up
to 90% of the injected ?luﬁonium from dogs (70). However, the amount of
excreted plutonium’ dropped rapidly as the time between treatment and
plutonium administration increased. When two hours elapsed between plu-
tonium and zirconyl citrate injections, only 10% of the injected plu-
tonium was excreted (64). Treatment with zirconyl - citrate 2 VZ YEAars
after the plutonium dinjection in dogs increased the excretion of plu-
tonium 10-15 fold, but the initial level of excretion was so low that

the additional amount of plutonium removed was negligible (69).

These results indicate that zilrconyl citrate is effective only in
the removal of plutonium from the circulation system and not from body
tissues. This is consistent with the reduction of plutonium din the
blood of treated rats to 5307 of the control value after five minutes and

to 10%Z after one hour (66,71). The actual mechanism of plutonium remo~-

- val probably dinvolves the hydrolysis of zirconium to form colloidal

aggregates of zirconium hydroxides and phosphates. Other hydrolyzable
metals; such as plutonium and thorium, either coprecipitate with the

zirconium or are absorbed by the colloids, which act as carriers
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(65,66). In an analogous manner, the high affinity of plutonium(IV) for
colloidal iron hydroxide probably explalns the strong association of
plutonium(IV) to ferritin and to iron storage pigments such as hemoside-
rin (63). As predicted by this mechanism, manganese, diron, titanium,
aluminum and thorium, metals which hydrolyze under physioclogical condi-
tions, also serve as carriers (72). However, not all of these metals
promoted plutonium excretion. The larger colloids do not pass ghrough
the kidneys, but are filtered from the blood by organs such as the
liver, spleen and bone marrow. Thus thorium and aluminium, which hydro-
lyze to form large polymers, prevent the deposition of plutonium on the

skeleton, but cause an increase in the amount of plutonium deposited in

the liver (72).

Prompt administration of polymeric phosphates have also been suc~-
cessful 1in increasing plutonium excretion from laboratory animals (73).
Hexametaphosphate was found to reduce bone absorption of plutonium by a
factor of three, but this was accompanied by an increase in the liver
burden of plutonium (74). Thus, it seems 1likely that plutonium and
polymeric phosphates form colloids that behave similarly to those formed
with zirconium, except that the phosphates are more toxice. Alterna~-
tively, phosphate groups may bind to bone. Pretreatment with ethane-l-
hydroxy-1, l-diphosphoric aéid or dia@loromethylepediphosphcric acid
inhibited the mineralization and growth of bone as well as the skeletal

uptake of plutonium (75).

2+ ~Chelating Agents

The most promising approach to the removal of incorporated plu~-

tonium " uses chelating agents to form soluble, excretable complexes of
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plutonium. Sodium citrate was the first complexing agent to be tested
for plutonium removal (76). Although plutonium is naturally excreted as
the citrate complex (77), the raplid metabolism of sodium citrate and its
complexes decreases its effectiveness as a chelating agent. Administra-
tion of sodium citrate within two hours after the injection of plutonium
increased urinary excretion several fold, but the increase was not suf-
ficient to be of practical importance (64). However, the excretion of
thorium was dincreased from the control value of 28% to 477 of the
injected thorium by treatment with sodium citrate 30 minutes after the

injection of thorium (78).

The limited success with sodium citrate led to the trial and error
testing of other chelating agents. Despite the fact that hard Lewis
acids such as plutonium do not bind strongly to sulfur ligands, the suc~
cess of 2,3-dimercapto~l-propanocl, BAL, as an efficient chelator for
arsenic (79) led to testing 4its ability to remove actinides. As
expected on a chemical basis, excretion of plutonium was not enhanced by
treatment with BAL, methionine, or cysteine (67,80). Several other sul-
fur containing compounds were also found to have a negligible effect on
the excretion of lanthanides (81). Similar results were obtained for
biologically occurring vcomplexing agents, such as ascorbic acid,
nicotinic acid and creatine, as well as for nitrilotriacetic acid (NTA),
and picolinic acid. However, since 707 of the yttrium administered
simultanegusiy with therapeutic doses of ethylenediaminetetraacetic acid

(EDTA) was excreted from rats in 24 hours (81), the use of EDTA was sug-—

gested for plutonium removal. Rats receiving plut@niﬁm followed by EDTA
in the £irst 24 hours excreted ten times the plutonium of the control

group (82). Another study showed that an injection of EDTA immediately
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following ﬁhe plutonium increased the urinary excretion in rats from the
control value of 6% to 51% of the injected plutonium (83). As with zir-
conium, a Jlarge dose of EDTA aduinistered 30 days after the plutonium
did not significantly decrease the body burden of plutonium in rats
(84) . Other authors have reviewed in more detail ﬁhe removal Qf plu=-

tonium from mammals, including humans, using EDTA (6,13,65).

Further selection of chelating agents for plutonium removal has
involved thg ratio of the stability constants of the plutonium and cal-
cium complexes formed with the chelating agent. Schubert suggested that
since the concentration of serum calcium is much greater than that of
other metals, any chelating agent capable of complexing calcium would
exist as the calciuwm chelate in the circulation system. Thus, similar
increases in plutonium removal would be achieved by either decreasing
the chelating agent’s affinity for calcium or by increasing its affinity
for plutonium (65). Other endogenous metals become significant only
when they are complexed much more strongly than calcium. The use of the
plutonium~calcium stability constant ratio to compare the relative
effectiveness of possible chelating agents was extended by Catsch to
include the competition for protoms (85), which 1s wvery dImportant in
comparing ligands of different basicities. In addition to the equili-
bria between hydrogen, calcium, plutonium and the chelating agent, the
hydrolysis of plutonium and the binding of plutonium to biological com-
ponents are‘importante Although salicylic acid binds calcium very

weakly ’(K ~ 1), its complexation of plutonium is too weak to promote

Gal

excretion (72). Thus, while minimizing the complexation of calcium, the
affinity of the chelating agent for plutonium at physiological pH must

remain greater than that of biological components.
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The relative affinity of polyaminocarboxylic acids for calcium is
decreased by replacing carboxyl groups with hydroxyl groups. Thus,
N,N-bis(2-hydroxyethyl)glycine was more effective in promoting plutonium
excretion than NTA (86), and more effective than EDTA in increasing uri-
nary excretion of cerium (82). The substitution of phosphate groups for
carboxylate groups in EDTA increases the relative affinity for
lanthanides and actinides (87). N,N°~Ethylenebis{N-phosphonomethyl]gly-
cine vremoved more plutonium from rats than EDTA or trans-l,2-cyclohex-
anediaminetetraacetic acid (88). However, the completely phosphorylated
analogue of EDTA was less efficient than EDTA at removing plutonium,
probably because of steric complications (87). The longer bridge length
of oxybis(ethylenenitrilo)tetraacetic acid, BAETA, allows the carboxy-
late groups to better encapsulate the plutonium and offers an additional
binding site to account for its increased ability in plutonium‘removal
compared to EDTA (89). Replacement of the ether oxygen in BAETA with

sulfur considerably decreases its ability to remove plutonium (90).

The additional carboxylic acid group present in diethylenetriamine-
pentaacetic acid, DTPA, relative to EDTA increases the stability of its
actinide complexes, while the complexation of ‘calcium remains nearly
constant {(91). Thus, the octadentate DTPA was found to be superior to
EDTA or zirconium, and slightly more effective than BAETA, in the remo-
val of plutonium from animals (89,92-94). Prompt administration of a
single dose of DTPA caused the excretion of 89% of the dnjected plu-

tonium from pigs during the following six days, compared to 3% excreted

by controls (95). DTPA injected in dogs ( VZ hour) or in mice (1 hour)

following the plutonium promoted the excretion of 60~65% of the injected

plutonium during 24 hours, compared to 2% and 8% excreted in untreated
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dogs (96) and mice (97). A further delay in treatment results in less
plutonium removal such that only 157 of the dinjected plutonium was
excreted by beagles during the first day following DTPA treatment given

two hours after the plutonium (98).

Delayed treatment with multiple doses of DIPA removes moderate
amounts of plutonium from animals. Treatment of swine on five succes-
sive days two months after plutonium contamination removed 11-197 of the
plutonium (95). The body burden of rats was reduced to 60% of the con-
trols'by treétment with DTPA administered on day 6, 8 and 11 after the
plutonium injection (99). The largest decrease of plutonium was found
in the soft tissues, but skeletal removal was more difficult, and the
moderate amounts removed may not significantly reduce the number of bone
tumors formed (59,100,101). Further details on the wuse of DITPA din
removing internally deposited plutonium may be gained frombother reviews

(6,13,102,103).

Further increasing the number of carboxyl groups of a polyaminocar=-
boxylic acid did not significantly increase plutonium removal. Trieth-
ylenetetraaminehexaacetic acid, TTHA, and DTPA were nearly equally efiiw
cient at plutonium removal (90,94,104-106), but TTHA was reported to be
more toxic (106). Perhaps due to the formation of multinuclear com-
plexes, the additional increase in the number of carboxyl groups in
tetraethylenepentaamineheptaacetic acid, TPHA, resulted in a chelating

agent significantly poorer din plutonium removal than DTPA, but still

more-effective than EDTA (90,94} Although  trdi(2-aminocethyl)aminehexa=

acetic acid, TAAHA, and TTHA each have six carboxylic acid groups, TTHA

is better able to encapsulate the metal ion and removes much more tho-
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rium from vrats than does TAAHA (94). As with EDTA, the complete phos=-

phorylation of DTPA decreases its ability to remove plutonium (90).

The stability of the calcium complex of the naturally=-occurring
iron sequestering agent desferrioxamine B, DFOA, is 103, which is seven
powers of 10 less than that of DTPA (107). Although the stability of
its Fe(IIIl) chelate is not much greater than that of DTPA, DFOA is sig-
nificantly more efficient in iron decorporation, primarily due to its
decreased affinity for calcium (108). If administered within 1 hour
after’an injection of plutonium, DFOA is more effective than DIPA in
promoting the excretion of plutonium. However, the ability of DFOA to
decorporate plutonium decreases more rapidly than DTPA as elapsed time
between contamination and treatment increases; DFOA treatment begun 4-7
days after contamination was ineffective. Prompt treatment with DFOA
reduced bone deposition to 92 the amount in DTPA treatéd rats, while
the metabolism of DFOA deposits more plutonium in the liver, and the low
pH of the kidneys causes thekrelease of more plutonium from the more
basic hydroxamic acid groups of DFOA. Combined treatment of DFOA  and
DTPA removed the greatest amount of plutonium, as the plutonium freed by
destruction of the Pu-DTPA complex in the liver and the kidney isirecome
plexed by DTPA (109-112). Rhodotoluric acid, 2,3-dihydroxybenzoyl-N-
glycine and neocaspergillic acid, also naturallymoc;urring- iron seques=

tering agents, removed less plutonium from hamsters than did DTPA (113).

The additive effect of DTPA and DFOA has prompted studies of the
plutonium removal exhibited by other combinations of chelating agents.
The simultaneous local administration of citric acid or 2,6-pyridinedi~

carboxylic acid in conjunction with DFOA or DTPA increased the amount of
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plutonium nitrate absorbed and excreted from an intramuscular site com-
pared to using DFOA or DTPA alone. Tartaric acid, 2,3-pyridinedicarbox-
ylic acid, lactic acid or pyruvic acid had no effect when administered

with DTPA or DFOA. Citric acid or 2,6-pyridinedicarboxylic acid when

™

A

P

administered alone solubilized much of the plutonium from the intramus-

cular site, but the plutonium was redeposited in other body tissues
instead of excreted (112,114). With the hope of enhancing systemic plu=-
tonium removal by the formation of mixed ligand complexes, catechol,
salicylic acid and benzohydroxamic acid were administered simultaneously
with DTPA, but the amount of plutonium removed did not increase (115).
The extraordinary synergistic effect originally claimed for these com-

pounds has been refuted by the author (116).

While DTPA is currently the reagent of choice in reducing the body
burden of actinides (6), it is most effective in removing monomeric plu-
tonium from the circulation system = thus preventing the deposition of
plutonium in body tissues = which requires prompt treatment. DTPA
removes very little hydrolyzed thorium or plutonium colloids or polymers
(117). The decreasing efficacy of plutonium removal as the time between
contamination and treatment increases indicates that the plutonium depo-
sited 1in intracellular site is unavailable for complexation. Metabolic
experiments show that intravenously injected EDTA or DTPA mix rapidly

with extracellular fluid, but are unable to cross cell wallsA(118~lZO)s

Very few cases of accidental plutonium contamination are likely to
create a high blood level of plutonium. Only very small amounts of plu-
tonium compounds are absorbed from the gastrointestinal tract. A max-

imum of 2% of ingested Pu(VI) citrate or 0.03% Pu(lV) citrate, and much
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less of most other compounds, was absorbed by rats (121). This absorp=-
tion was vreduced by a factor of 10 by the oral administration of ion
exchange resin (122). Only a small amount of an intramuscular deposit

of plutonium nitrate was removed by an intravenous injection of DTPA,

O

A

80-90% of the plutonium. However, much less was removed by a local DTPA
treatment applled 21 days after contamination, during which time the
plutonium had formed insoluble, polymeric hydroxides (114). DTPA is
totally ineffective in removing insoluble plutonium compounds as Pqu
from dntramuscular sites or from lungs. These conditions are best
treated by surgical excision of contaminated tissue, lung lavage, or

other methods of direct physical removal (103,123).

Protracted DIPA therapy removes plutonium as it is liberated from
cells by natural processes or solubilized by body fluids from intramus=
cular or lung deposits. The slowvness of these processes requires DTPA
administration over long periods of time to remove significant quanti-
ties of plutonium. The usefulness of such therapy may be of little
value 1n preventing cancer caused by the plutonium. Thus, there has
been much emphasis applied to the development of a lipophillic chelating
agente. The pentaethyl ester of DTPA surpassed DIPA at removing intra-
cellular plutonium from the liver, but its enhanced toxicity prevents
its use as a therapeutic agent (124). Several moncamides and monoesters
of EDTA and DTPA were formed using long chain alkyl amines and alcohols,
but none of these derivatives removed Iintracellular plutonium. However,
the same group has reported a derivative of DTPA that removes signifi-
cant quantities of plutonium from the liver of hamsters (113,20). A

lipophilic derivative of DFOA, N-stearoyldesferrioxamine, was also
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tested but it was no better than DTPA at removing intracellular plu-
tonium (113). Two chelating antibilotics, wvancomycin and cephalothin,
were also ineffective at plutonium removal, either alone or in conjunc-

tion with DTPA (125).

The fééiééioendothelial cells, which are especially concentrated in
liver, spleen, lung, and bone marrow, rapidly remove colloids and poly-
mers from the circulation systems Thus, it was hoped that an EDTA-
cysteine copolymer would be phagocytized and release EDTA after degrada-
tion of the polymer within the cell. However, administration of the
EDTA=cysteine copolymer did not increase the elimination of intracellu-
lar plutonium from rats (113). The administration of quwEDTA encapsu-=
lated in lipid spherules, liposomes, resulted in a high intracellular
concentration of chelating agent, such that 427 of the EDTA was distri-
buted 1in the liver cells of mice. When administered three days after
the plutonium, liposome encapsulated DTPA removed significantly more
plutonium from the liver and the skeleton than did nonencapsulated DTPA.
However, the majority of the plutonium was not removed. Although the
amount of plutonium vremoved decreased, the relative advantage of the
encapsulated form increased with an increasing delay in  therapy
(126,127). Enéapsulation of DTPA did not increése its effectiveness

when administered one day after the plutonium din vrats and hanmsters

(128).

Glucan, a polysaccharide found in the cell walls of yeast9 is also
removed by the reticuloendothelial cells and its administration
increases the amount of plutonium stored in the liver that is available

for complexation and vremoval by DTPA. It is hypothesized that glucan
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and plutonium are associated with lysosomes, the subcellular organells
that are responsible for the digestion of foreign materials. The glucan
is partially hydrolyzed which vresults in the osmotic swelling and

dispersion of the polysaccharide and the stored plutonium (129-131).

=

‘Similarly, up to 50% of the plutonium remaining in the liver after DTPA

treatment has been removed by treatment with DTPA and copolymers of
divinyl ether and maleic anhydride or of acrylic and ditaconic acids
(132,133). Neither glucan nor the synthetic polymers promote plutonium
removal from bone and they increase the amount of plutonium 1in the
spleen. In a similar manner, an additional 107 of americium was removed
from the skeleton when an osteoporotic agent, which etches the bone sur-

face, was used in conjunction with DTPA (134).

Despite its ability to remove much of the soluble piutonium present
in body £fluids, DTPA is not an exceptional chelating agent for tetra-

valent actinides. The formation constant of its plutonium complex is

too low to displace hydroxides from the colloids and polymers of hydro-

lyzed plutonium or solubilize compounds such as PuO2 at physiological
pH. In addition, the inability of DTPA to completely coordinate thé
tetravalent actinides is shown by the easy formation Qf ternary com=-
plexes between Th(DTPA) and many bidentate ligands (135-137). The
hydrolysis of Th(IV) and U(IV) DTPA’complexes at pH near 8 is explained
by the dissociation of H+ from a coordinated watér molecule (1383142)3
Further, the polyaminocarboxylic acids are toxic due to the indiscrim-
inate complexation and removal of many metals of biological importance,
primarily calcium and zinc (142-147). While use of CaNaBDTPA pte§ents
hypocalcemia, prolonged therapy must be frequently interrupted to allow

the replenishment of other essential metal dons (147,148). The zinc
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salt of DITPA 1s 1less toxic, but the larger stability constant of the
Zn-DTPA complex decreases the amount of plutonium removal. However, as
the time between treatment and contamination increases the difference in

the amount of plutonium removed by a single dose of either salt becomes

insignifiéante The lower toxicity of anDTPAVaiiows larger, more fre-
quent doses, which may remove more plutonium during extended therapy
than non-toxic amounts of Ca-DTPA (85,95,98,112,123). As exemplified by
its pentaethyl ester, the toxicity of DIPA is increased by mobilization
into cells where 1t can complex metal ions which are needed for cell
functions. This casts serious doubts on the usefulness of DIPA deriva-

tives to remove intracellular plutonium. Thus there is a need for the

development of powerful chelating agents highly specific for tetravalent

actinides, particularly‘ﬁg(li)e

IV. Synthetic Sequestering Agents Specific for Pu(IV)

Based on the similarities in the chemical and the bioclogical tran-
sport aﬁd distribution properties of Pu(lV) and Fe(IIl) and the observa-
tion that microbes produce specific sequestering agents for Fe(lIl) that
incorporate Vchelating groups such as hydroxamic acids and catechol, a
series of sulfonated catechoylamide sequestering agents has been
designed and synthesized for the specific role of complexing plutonium
and other actinide(IV) ions. These synthetic wmacrochelates have been
designed such that the chelating groups can form é cavity that gives
eight~coordination about the metal and the dodecahedral geometry
observed din the unconstrained actinide coﬁplexes composed of monomeric
catechol ligands. The resulting compounds appear to bind tetravalent

actinides strongly, while only weak complezation of trivalent and



22

divalent metals has been observed.

It is remarkable that there are many similarities between Pu(lV)

and Fe(IIT) (Table 3). 1In fact, this similarity explains much of the

" biological hazard posed by plutonium, as described in the previous sec-

tions of this paper. These similarities vrange from the charge to
ionic-radius ratios for Fe(IIl) and Pu(IV) (4.6 and 4.2 e/x respec-
tively), and their formation of highly insoluble hydroxides, to their
similar transport properties in mammals. These similarities of Pu(IV)
and Fe(III) suggested to us a biomimetic approach to the design of
Pu(lV) sequestering agents modeled after the very efficient and highly
specific iron sequestering agents, siderophores, that are produced by
bacteria and other microorganisms to obtain Fe(I1Il) from the environment

(150-152). o

The siderophores (Figure 1) typically contain hydroxamate or
catecholate functional groups which are arranged to form an octahedral
cavity the exact size of a ferric ion. Catechol, 2,3=dihydroxybenzene,
and the hydroxamic acids, N-hydroxyamides, are very weak acids that ion=
ize to form "hard" oxygen anions, which bind strongly to strong Lewis
acids such as Fe(III) and Pu(IV). Complexation by these grouﬁs forms
five-membered chelate rings, which substantially increases the stability
compared to complexation by lone oxygen anions (153). That the hydrox-
amic acids strongly coordinate tetravalent actinides is supported by the
formation constants presented in Table 4. Due to its higher charge and
stronger basicity, the catecholate group forms stronger complexes with
the tetravalent actinides than the hydroxamic acids. Thus our goal has

been the incorporation of hydroxamate or catecholate functional groups
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into multidentate chelating agents that specifically encapsulate tetra-

valent actinides.

The similarity between Fe(II1) and the actinide(IV) ions ends with

their ,coordinatioﬁ numbers. Because of the larger ionic radii of the
actinide ions, their preferred coordination number found in éomplexes
with bidentate chelating agents is eight. Occasionally higher cocordina-
tion numbers are encountered with very small ligands or by the dncor-
poration of a solvent molecule (162,163). Calculations of ligand=-ligand
repuléions iﬁdicate that either the square antiprism (Déd) or the trigo-
nal faced dodecahedron (DZd) is the expected geometry for an eight coor=-
dinate complex. The coulombic energy differences between these polyhe-
dra (Figure 2) 1s very small and the preferred geometry is largely
détermined by steric requirements and ligand field effects. Cubic coor=-
dination lies at higher energy, but may be somewhat stébilized if f-
orbital interactions were important. Another important eight coordinate
polyhedron, the bicapped trigonal prism (CZV), corresponds to an energy
minimum along the transformation pathway between the square antiprism
and the dodecahedron (164-=169). As seen in Table 5, all four of the
above geometries are found in eight coordinate complexes of tetravalent
actinides with bidentate ligands. However, the mmmn isomer of the trig-

onal faced dodecahedron 1s the most prevalent in the solid state.

Two fundamental questions in the design of an actinide-specific
sequestering agent are the coordination number and geometry actually
preferred by the metal with a given ligand. The structures determined
for the actinide(IV) catecholates and hydroxamates, in which the steric

constraints of a macrochelate are absent, indicate that the mmm-isomer
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of the dodecahedron (Figure 3) is preferred. For maximum stability and
specificity this geometry should be achieved by the ligating groups of
an optimized sequestering agent that encapsulates the tetravalent

actinide in a cavity with a radius near 2.4 2. An examination of molec~

s

Tular “models showed that this could be accomplished by the attachment ot
four 2,3~dihydroxybenzoic acid groups to the nitrogens of a series of
cyclic tetraamines via amide linkageé as shown schematically in Figure
4. The size of the cavity formed is controlled by the ring size of the
tetr;azacyc;oalkane backbone such that a 16 membered ving appeared most
promising for the actinides. Two tetra=catechol chelating agents were
synthesized from 2,3-dihydroxybenzoic acid and 1,4,8,1ll-tetraazacyclo=-
tetradecane or 1,5,9,13~tetraazacyclohexadecane (188). Subsequent bio=-
logical evaluation in mice showed that these compounds reduced the accu-
mulation of plutonium in bone and liver. However, the ac@inide complex
apparently dissociated at low pH and released the plutonium in the
animals® kidneys (97). Titfimetric studies of these ligands showed that
while they strongly complex tetravalent actinides, simple one-to-one

complexes are not formed at or below neutral pH (189).

The performance of a ligand at low pH can be improved by increasing
its acidity, thus reducing the competition with protons. The acidity of
the catechol groups can be increased by the introduction of strongly
electron withdrawing groups to the aromatic rings. A more acidic analog
of the above ligands was prepared from 2,3-dihydroxy~5-nitrobenzoic acid
and 1,4,8,1ll~tetraazacyclotetradecane, The nitro groups converted the
ligand into an acutely active poison and substantially changed its solu-
bility characteristics such that a large amount of plutonium was found

in the soft tissues of the treated mice (97). In sharp contrast,
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sulfonation at the 5 position of each 2,3-dihydroxybenzoyl group in the
ligands prepared above improved their water solubility, stability to air
oxidation and affinity for actinide(IV) dons at low pH (190). The

increased acidity of the sulfonated derivatives prevented the deposition

—of plutonium in the kidneys of mice and promoted significant plutonium

excretion without any appreciable toxic affects (97).

In order to examine the effect of greater stereochemical freedom,
gome tetra=-2,3-dihydroxy-5~sulfobenzoyl derivatives of linear tetra-
amines have also been prepared (190). Maximum stability and specificity
towards the actinides was obtained by optimizing the length of the
methylene bridges between the amine functionalities. Butylene bridges
between the nitrogens of the linear tetraamines gave better results in
aﬁimal studies than ethylene or propylene bridges. The linear deriva-
tives are significantly more effective than the cyclic catechoylamides
in removing plutonium from mice (97). In accordance with the trans con-
figuration of amine hydrogens found in the structure of 1,5,9,13~tetra~
azacyclohexadecane (191), adjacent catechoylamide groups are expected to
lie on opposite sides of the macrocycle. While inversion about anmides
is well known, it may not be facile enough in these compounds for vready

coordination of the actinide by all four catechol groups.

The sulfonated catechoylamide derivatives of linear tetraamines
(Table 6) are the most promising actinide sequestering agents yet
prepared. The 4,4,4- or 3,4,3-LICAMS were the most efficient of the
catechoylamides tested. A single dose of either ligand administered one
hour after the plutonium eliminated about 65% of the injected plutonium

from mice (97). Perhaps more significant is the fact that in addition
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to sequestering the plutonium from body fluids, skeletal plutonium was
reduced to 22% of the control value at the time of ligand injection by
3,4, 3-LICAMS. Monomeric N,N°=dimethyl-~2,3~dihydroxy-5-sulfobenzamide,

DiMeCAMS, and 2,3-dihydroxybenzoic acid removed very little if any plu-

tonium and similar results were obtained for 2,3-dihydroxybenzoyl=N-
glycine by Bulman and coworkers (113). This dramatic difference between
the monomeric catechols and the synthetic tetracatechol compounds con=
firm our original design concept that a macrochelate would be effective
biologically in Pu(1V) removal. Of the sulfonated catechoylamides only

the 4,4,4-LICAMS showed any toxic effects in wice.

For comparison, DTPA, the most effective conventional chelating
agent, was examined and found to remove 63% of the injected plutonium.
However, the dose-response curve, Figure 6, shows that 3,4,3-LICAMS is
much more effective than DTPA at lower doses = up to a two order of mag-
nitude difference (192). This is a good dindication that endogenous
metals are not strongly bound by 3,4,3-LICAMS, while metals such as cal-
cium and zinc bind strongly to DTPA, reducing the effective concentra=

tion of ligand available to complex plutonium. Thus a much larger

-amount 6f DIPA is required to achleve the same effect 0of a smaller quan-

tity of 3,4,3-LICAMS, because of both a lower intrinsic affinity for
actinide(IV) ions as well as a lower specificity. O©f all the sequester-
ing agents tested to date, 3,4,3-LICAMS, a derivative of the natural
product spermine, is the most effective in plutonium removal at low

dosages.

The greater efficacy of plutonium decorporatien by 3,4,3-LICAMS

compared to DTPA has also been observed in beagles (193). A single
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intravenous injection of 3,4,3~LICAMS administered 30 minutes after the’
actinides removed about 86% of the injected plutonium, much better than
the 707% removed by DTPA. Treatment with a combined dose of 3,4,3-LICAMS

and DTPA removed very slightly more plutonium than 3,4,3-LICAMS alone.

i ;
R

Serious toxic effects were seen in the kidneys of all dogs treated with
3,4,3~LICAMS, although the dose response curve of Figure 6 suggests that
smaller doses should be nearly as effective and would avoid such toxic
effects. In contrast, DTPA is much more effective in americium decor=-
poration. This was expected since the affinity of catechol ligands for
the larger and less acidic Ln(III) or An(I1l) ions is quite low. The
measured ratio of the tetrakis(catecholato)Ce(IV)/Ce(I1I) formation con=-
stants of 1036 is an indication of the decreased relative affinity of

3;4,3-1,ICAMS for the trivalent versus tetravalent actinides (175).

V. Summary

We have briefly reviewed the biological hazards associated with the
actinide elements. The most abundant transuranium element produced by
both industrial nuclear power plants and nuclear weapons programs 1is
plutonium. It is also potentially the most toxic = particularly due to
its long-term hazard as a carcinogen if it is introduced into the body.
This toxicity is due in large part to the chemical and biochemical gimi-
larities of Pu(lV) and Fe(III). Thus 4in mammals plutonium d1is tran-
sported and stored by the transport and storage systems for iron. This
results in the concentration and long-term retention of an alpha-

239 .
Pu) at sites such as the bone marrow where

emitting radionuclide (
c¢ell division occurs at a high rate. The earliest attempts at removal

of actinide contamination by chelation therapy were essentially heuris=-
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tic in that sequestering agents known to be effective at binding other

elements were tried with plutonium.

The research described here is intended to be a rational approach

that begins with the observation that since Fe(III) and Pu(IV) are so

N

similar, and since wmicrobes producé agents called siderophores that are
extremely effective and selective sequestering agents for Fe(IIl), the
construction of similar chelating agents for the actinides should be
possible using the same chelating groups found in the siderophores. The
incoréoratioﬁ of four such groups (primarily catechol and hydroxamic

acid) results in multidentate chelating agents that can completely

encapsulate the central actinide(IV) dion and achieve the eight=-

coordinate environment most favored by such ions. The continuing
development and improvement of such sequestering agents has produced
compounds which remove significant amounts of plutonium deposited in
bone and which remove a greater fraction of the total body burden than

any other chelation therapy developed to date.
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Table 1.

Substances in Mice.

a,

A Comparison of the Acute Toxicity of Some Chemical

40

@,

Substance LDSO/BO’ mmole/kg Relative Toxicity
NaCl 44,52 i
CaClz 2+50 18
ZrOCl2 0.96 46
CrCl3 0.90 49
ThCl!4 0.89 50
AlCl3 0.80 56
Fe2(804)3 0.42 106
Pb(acetate)2 0.37 120
ZnClZ 0.18 247
TiCl 0.10 445
CdSO4 0.033 1349
UOzCl2 0.021 2145
HgClz 0.020 2283
239 . 0.0047 (rat)

Pu(IV)Citrate 0.0013 (dog) 9400
Strychnine 0.0015 30000
Botulinus Toxin A BXlOug

®pata for Pu from Refs. & and 5, organic poisons from Ref. 5,

all others from Ref.

long~term toxicity of such substances.

3.

b C C Do \ .
Note that this is to be distinguished from the chronic or



Table 2. Schematic Structures of Some Chelating Agents Used in

Plutonium Therapy

_Ascorbic acid

BAETA

BAL

Benzohydroxamic acid

N,N-Bis(2-hydroxyethyl)glycine

Catechol

Citric acid

Creatine

Cysteine

2,3~Dihydroxybenzoylglycine

DiMeCAMS

DTPA

H
0]
lHCHZOH

H

HOOCCHZ

HOOCCH2
SH

f
HOCH2CH

OH
H

~
h(CHz)ZO(CHZ)ZN

CH,SH

[:::IiOH
OH

(4, ¢
HO~C~CD

i
CHZC

H
OOCCH2

OOR
OH
OOH

CHZCOOH

~N
//N(CHZ)zh(CHZ)ZN

HOOCCH2

CHZCOOH

CHZCOOH

CHZCOOH

CHZCOOH
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N,N'-Ethylene bis

Table 2. (Continued)

EDTA

[N-~phosphono~-

methyl]glycine

Lactic acid

Methionine

Neoaspergillic acid

NTA

Nicotinic acid

Picolinic acid

2,3~Pyridinedicarboxylic acid

2,6~Pyridinedicarboxylic acid

Pyruvic acid

Rhodotorulic acid

HOOCCH CH. COOH
2\\ 2
N
//N<CH2)2
HOOCCH CH,, COOH
2 2
I = ' o ¥ o e o i i 0.0 1611
N o2
N(CH,) N
H,0,PCH, Ct, PO, H,
CH3?HCOOH
OH

CH,SCH CHq?HCOOH
L

3 2
NHZ

CH3

Is-CH CH//
B 2
CH ~
3\ \ CH3
CHCH 0
s 2 r
OH

CH3

H
C 2CO{)H

HOOCCH_ N
CH ,COO0H

it
CH., CCOOH
0 on H

o I o [0
SC-N(CH,) | (CH,) ,N~CCH
=0

N
H

fani2l)

H HG O



Table 2. (Continued)

Salicylic acid

Tartaric acid

TAAHA

TPHA

TTHA

[:z:I:OH
COOH
HO ?H

l

HOOCCHCHCOOH

CH. COOH
HOOCCH,, //(CHZ)ZN:: 2
t:N(CHz)zN CH,, COOH
HOOCCH \ ‘ _-CH, COOH
2 (C,) N
CH,, COOH
HOOCCH CH,, COOH CH, COOH
2. T2 2
AV CEH,) N CCH, ) N (CH, ) N CCH,) N
HOOCCH, CH,, COOH C, COOH  ~ CH,,COOH
HOOCCH CH, COOH CH, COOH
2 2 2 .
//N(CH2)2N(CH2)27(CH2)2N
HOOCCH, CH,COOH " CH, COOH
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.l‘«.g/

Table 3. Similarities of Pué+ and Fe3+,
Charge bt 4 3+ 3.,
1) — S Pu 0798 b2 Fe TEE < 6
Ionic radius
2) Fe(0H) - reot 4 300" v 10738 (10713 per ou™h)
Fe ot 4 HO = re(omy?t 4wt = 0.0009
Pu(OH,) —> put 4 son” ~ 10777 (1071% per ou™hy
pu’t 4 H0 -> pucon) T + ut = 0.031 (in KC10,)
4, .
3) Pu is transported in the blood plasma of mammals as a complex of
+
transferrin, the normal Fe3+ transport agent. The Pu4 binds at the
. 3+
same site as Fe o
FRef. 140,
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Table 4. Formation Constants for Some Actinide(IV) Hydroxamates and

Catecholates.

o
Metal Temp, ~C log 51 log ﬁz log ES log ﬁ& Reference
Benzohydroxamic acid, Ph=C(0)-N(OH)-H
U(Iv) 25 9.89 18.00 26.32 32.94 154
Th(1V) 25 9.60 19.81 28.76 154
Pu(IV) 25 12.73 154
N-Phenylbenzohydroxamic acid, Ph-~C(0)-N(CH)=-Ph
Th(1IV) 20 37.70 155
Th(IV) 25 37.80 156
Th{IV) 30 37.76 157
Pu(IV) 22 11.50 21.95 31.81 41435 158
N-Phenylcinnamehydroxamic acid, Ph-CH=CH-C(0)-N(OH)~Ph
Th(IV) 20 12.76 24.70 35,72 45,72 159
Catechol
Th(IV) 30 17.72 160
4-Nitrocatechol
Th(1V) 25 14.96 27.78 36.71 40.61 161

alogﬁn = [MLHJ/[M}[L]rl for the reaction M4+

hydroxamate anion or the catecholate dianion.

+ nl - MLn where L is the



Table 5.

with Bidentate Ligands.

46

Geonmetry of Monomeric Eight-Coordinate Actinide Complexes

Complexb Metals Idealizeg Ref.
Geometry
de(IV)(acetylacetonate)é Th,U,Ce hlhlpzpszTP 170,171
pmﬂ(LV)(acetylacetonate)4 "Th,U,Np,Ce  ssss=SA 170,172
M(bipyridyl)4 U ssss-Cube 173
[M(IV)(catecholate)4}4+ Th,U,Ce mmmm=DD 174,175
M(IV)(dibenzoylmethanate)4 Th,U,Ce mmmm=DD 176
M(IV)‘(N,Nwdi.ethyldithiocarbamate)4 Th,U,Np,Pu mmmm~DD 171,177
[M(III) (N-,N»diethyldithiocarbamate)4]“ Np mmm=DD 178
M(IV)(diisobutrylmethanate)é ) BTP 179
M(IV)(hexafluoroacetonylpyrazolide)4 Th,U mmom=-DD 180
[M(III)(hexafluoroacetylacétcnaté)4]a Am,Y,Eu ggge=DD 181
M(IV)(Nmisopropylpivalohydroxamat;e)4 Th ssss~Cube 182
M(IV) (N~isopropyl=3, 3=dimethylbutano-
hydroxamate)4 Th mmmm=DD 182
M(IV)(salicylaldehydate)4 Th,U mmmm~DD 183
M(IV)(thenoyltrifluoroacetylacetomate)4 Th.U, Pu,Ce mmrm-DD 184,18%

a . ' ;
BTP = hicrpped trisonal prism, DD =

square antiprism.

o~y e 3 3o SN, T
trigonal faced dodecahedron, SA =

169 and corresponds to the edges labelled in Figure 2.

The isomer notation is taken from references 168 and

b . ) - "
Thorlum(trlfluoroacetylacetonate)4 was originally described as a

1111-3A (ref. 186), but a reinvestigation established the presence of a

coordinated water molecule forming a nine-coordinate complex (ref. 187).



s
~J

Table 6. Summary of Actinide Sequestering Properties of Tetrameric

Catechoylamides.

Cyclic

3,3, 3,3-CYCAM

3,2,3,2-CYCAM=NO

3,3,3,3-CYCAMS |
>

2,3,3,3-CYCAMS J

2

Linear

2,3, 2-LICAMS
3,3, 3-LICAMS |
4,3, 3-LICAMS |
4,4, 41 ICAMS
3,4, 3-LICAMS

. e
T,ess constrained Lice

compounds.

Mobilizes Pu but deposits it in kidneys

Very toxic
Sulfonation increases acidity and solubility,

prevents Pu deposition in kidneys

Least effective of linear compounds

Longer chain length, slight improvement,

still not very effective

Slightly toxic 7 Longer central bridge

>
Derivative of spermine J gives optimum geometry
(a natural product)

ar structures are superior to corresponding cyclic



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure Captions

Representative siderophores.

Eight-Coordinate polyhedra. The principal axes are
verticale— Edge~~~};abclc‘. are taken—from references 168 and
169.

The [M(catechol)4]4m anion (M = Hf, Ce, Th, U) viewed along

the mirror plane with the %4 axis vertical.

Schematic structure of the tetracatechol actinide
sequestering agents from a Dbiomimetic approach based on

enterobactin.

Ceneral synthesis and structure of catechoylamides. The
cyclic catechoylamides, in which R = (CHZ)p are abbreviated
as n,m,p,m-CYCAM. The sulfonated and the analogous nitro
derivatives are indicated by n,m,p,m~CYCAMS and

n,m,p,n~CYCAM~NO respectively. The linear sulfonated

2

catechoylamides are abbreviated as m,n,m-LICAMS. A prefix

is added to indicate terminal N substituents.

Dose response comparison between LICAMS and CaNa DTPA for

3
238Pu removal in mice.
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